INTRODUCTION
A subset of G protein (heterotrimeric guanine nucleotide-binding protein)-coupled receptors (GPCRs) including those for sphingosine 1-phosphate (S1P) couple to the heterotrimeric Ga 12/13 protein to activate RhoA (1) (2) (3) (4) (5) . S1P is released at sites of cell injury, including the ischemic heart (6), and we and others have shown that S1P protects the heart against myocardial ischemia/reperfusion injury (6) (7) (8) and protects cardiomyocytes against oxidative stress (9) . RhoA expression attenuates the response of cardiomyocytes to apoptotic insults (10) , and mice that overexpress RhoA show increased tolerance to ischemia/reperfusion injury, whereas RhoA knockout mice demonstrate exaggerated ischemia/reperfusion damage (11) .
Phospholipase Ce (PLCe) is the only isoform of PLC that has a guanosine 5'-triphosphate (GTP)-RhoA binding insertion within its catalytic core and that acts as a direct RhoA effector (12, 13) . The activation of PLCe generates the second messenger diacylglycerol (DAG), and together, DAG and protein kinase C can activate protein kinase D (PKD) (14, 15) . Indeed, PKD activation is inhibited by PLCe gene knockout (16, 17) . Our previous studies have implicated PKD1 as a downstream mediator of the protective effects of RhoA on ischemia/reperfusion damage (11) . The possibility that PLCe or PKD1 mediates cardioprotective signaling in response to S1P and other GPCRs that activate RhoA has not been considered. Although PLCe and PKD have been implicated in cardiac hypertrophy (17, 18) and in the regulation of gene expression (16, (19) (20) (21) , there is little previous evidence for a role for direct PKD phosphorylation targets in cell survival.
Here, we demonstrate a role for PKD in cell protection and identify Slingshot 1L (SSH1L) as the target of PKD1-mediated phosphorylation that regulates this response. SSH1L is a selective phosphatase for the actin-binding protein cofilin (22) . Several studies show that cofilin translocates to mitochondria and induces cell death in response to oxidant stimulation (23) (24) (25) . The work reported here reveals that this process is regulated: SSH1L inhibition, which occurs through PKD1-mediated phosphorylation, abolishes oxidative stress-induced mitochondrial translocation of cofilin 2, preserves mitochondrial membrane integrity, and promotes cell survival. Accordingly, we delineate a pathway by which S1P, through modulation of the cytoskeletal regulators SSH1L and cofilin 2, couples GPCR activation to mitochondrial events that increase cell survival during oxidative stress.
wild-type mice but not in PKD1 knockout mice (Fig. 1, C and D) . These findings implicate PKD1 in S1P-mediated cardioprotection.
PLCe mediates PKD1 activation and cardioprotection by S1P
We used isolated cardiomyocytes to explore the mechanism by which PKD1 is activated in response to S1P. Treatment with S1P robustly activated RhoA (fig. S1A) and elicited dose-dependent phosphorylation of PKD1 (fig. S1B). PKD1 activation by S1P was sustained (still increased fourfold at 3 hours), and the response was attenuated by inhibition of RhoA with the C3 exoenzyme ( Fig. 2A and fig. S2 ). On the basis of our previous work, we hypothesized that PKD1 activation by S1P and RhoA occurs through the phospholipase C isoform PLCe (12, 16, 17, 26, 27) . Indeed, knockdown of PLCe with small interfering RNA (siRNA) significantly reduced the phosphorylation of PKD1 in response to S1P in cardiomyocytes ( Fig. 2B and fig. S3 ). To determine whether this signaling pathway is also used in the intact heart, we compared responses to S1P in isolated perfused wild-type and PLCe knockout mouse hearts. S1P treatment failed to stimulate PKD1 phosphorylation in the absence of PLCe (Fig. 2C) , confirming a requirement for PLCe in PKD1 activation by S1P in the intact heart. Moreover, the ability of S1P to protect against infarct development was lost in PLCe knockout mice (Fig. 2D) , mirroring what was seen in PKD1 knockout mice (Fig. 1D) . Thus, PLCe transduces agonist-induced RhoA activation to PKD1 to confer cardioprotection.
PKD1 substrate SSH1L is an S1P signaling target that is functionally inhibited by S1P
To identify the downstream target through which PKD1 elicits cardioprotection, we searched for proteins that contain a PKD1 consensus sequence (LXRXXS) (20, 28) and are associated with control of cell survival. We focused our attention on SSH1L, a cofilin-specific phosphatase (22) that is phosphorylated at Ser 978 within a PKD1 consensus sequence (29, 30) . S1P increased phosphorylation of SSH1L at Ser 978 in cardiomyocytes in a dose-dependent manner (Fig. 3A) . PKD-mediated phosphorylation of SSH1L inhibits its ability to dephosphorylate cofilin at Ser 3 (29, 30) . Accordingly, we assessed the functional effects of S1P-mediated SSH1L phosphorylation by examining cofilin phosphorylation. The phosphorylation of Ser 3 in cofilin 2, the muscle-specific cofilin isoform, increased in a dose-dependent manner after S1P treatment (Fig. 3B) . We also used siRNA-mediated knockdown of SSH1L to simulate SSH1L inhibition by S1P and observed increased phosphorylation of cofilin 2 (Fig. 3C ). RhoA inhibition with C3 exoenzyme prevented S1P-induced SSH1L and cofilin 2 phosphorylation ( fig. S4 ). Cardiacspecific RhoA overexpression (11) increased phosphorylation of both SSH1L and cofilin 2 ( fig. S5 ), supporting the conclusion that SSH1L and cofilin 2 are downstream targets of RhoA signaling in the adult mouse heart.
Phosphorylation of SSH1L and cofilin 2 by S1P was sustained and fully inhibited by PKD1 knockdown with siRNA ( fig. S6 and Fig. 3 , D and E). The p21-activated kinase 4 (PAK4) is another PKD substrate that could regulate phosphorylation of cofilin (31) . PAK4 involvement in the phosphorylation of cofilin 2 in cardiomyocytes appeared unlikely, however, because S1P failed to increase phosphorylation of Ser 474 in PAK4. In addition, PAK4 knockdown by siRNA did not reduce S1P-induced phosphorylation of cofilin 2 ( fig. S7 ). These findings and those presented above suggest that SSH1L, rather than PAK4, is the major endogenous PKD1 target by which S1P transduces cell signals to regulate cofilin 2 (Fig. 3F) .
SSH1L inhibition promotes cell survival and preserves mitochondrial integrity in response to H 2 O 2 S1P treatment reduced cell death in response to H 2 O 2 -induced oxidative stress, as indicated by increases in calcein-positive cells and decreases in propidium iodide (PI)-positive cells and lactate dehydrogenase (LDH) release. These effects of S1P were abolished in cardiomyocytes transfected with PKD1 siRNA (Fig. 4, A to C) . Knockdown of SSH1L, like inhibition of SSH1L by S1P and PKD1, improved cell viability and reduced LDH release in response to H 2 O 2 treatment (Fig. 4, D and E) . To demonstrate mitochondrial involvement in the actions of S1P, PKD1, and SSH1L, we first measured H 2 O 2 -induced mitochondrial outer membrane permeabilization, as assessed by cytochrome c release to the cytosol. S1P pretreatment and SSH1L knockdown significantly reduced cytochrome c release (Fig. 5, A and B) , and the effect of S1P was reversed by siRNA-mediated PKD1 knockdown ( fig. S8 ). We also assessed the mitochondrial inner membrane electrical potential (Dy m ) using tetramethyl rhodamine ethyl ester (TMRE). Both S1P pretreatment and SSH1L knockdown significantly reduced the dissipation of TMRE Wild-type and PKD1 KO mouse hearts were subjected to ischemia/reperfusion injury with vehicle or S1P pretreatment. Representative images of tetraphenyl tetrazolium chloride (TTC)-stained cross sections of heart after ischemia/reperfusion injury (top) and quantification of the infarct size (bottom). n = 5 to 6 animals per group. fluorescence in response to H 2 O 2 (Fig. 5, C and D) . These findings suggest that the effects of S1P, PKD1, and SSH1L on cell survival result from the maintenance of mitochondrial integrity.
SSH1L inhibition reduces mitochondrial translocation of cofilin 2 and Bax in response to H 2 O 2 Cofilin 1, the nonmuscle isoform, translocates to mitochondria and induces cell death (23) (24) (25) 32) . We examined the possibility that the muscle-specific isoform cofilin 2 also translocates to mitochondria in response to oxidative stress. After H 2 O 2 treatment, cofilin 2 abundance in the cardiomyocyte mitochondrial fraction was significantly increased (Fig. 6A) . Cofilin 1 translocation is driven by oxidation of its cysteine residues and requires dephosphorylation of Ser 3 (23, 25, 32) . Thus, we determined whether S1P or knockdown of SSH1L, which increases phosphorylation of Ser 3 in cofilin 2, might reduce its mitochondrial translocation under oxidative stress. Indeed, S1P pretreatment or SSH1L depletion significantly reduced mitochondrial translocation of cofilin 2 (Fig. 6, A and B) . When activated by oxidative stress, the Bcl-2 family protein Bax translocates to mitochondria to engage a mitochondrial cell death pathway (33) (34) (35) . We found that cofilin 2 and Bax formed a protein complex, as demonstrated by coimmunoprecipitation (Fig.  6C) , and accordingly explored the possibility that S1P and SSH1L might also affect the mitochondrial translocation of Bax. The physical interaction between Bax and cofilin 2 was not affected by oxidative stress or by S1P ( fig. S10 ). Nevertheless, H 2 O 2 -induced increases in mitochondrial Bax were reduced by S1P (Fig. 6D ) and by knockdown of SSH1L (Fig. 6E ) or cofilin 2 ( fig. S9 and Fig. 6F ). These findings suggest that the phosphorylation status of cofilin 2 plays a role in Bax translocation under oxidative stress.
S1P prevents mitochondrial cofilin 2 and Bax translocation during ischemia/reperfusion injury in the isolated heart
Finally, we asked whether cofilin 2 translocates to mitochondria in the isolated perfused heart subjected to oxidative stress. Analysis of mitochondria from hearts subjected to ischemia/reperfusion revealed marked increases in mitochondrial cofilin 2 as well as Bax protein. Pretreatment with S1P for 10 min significantly reduced the appearance of both proteins in the mitochondrial fraction (Fig. 7 , A to C). These data, coupled with our demonstration of a requirement for PLCe and PKD1 in protection against ischemia/reperfusion injury (Figs. 1D and 2D), suggest that S1P signals through the pathway delineated here and protects the heart from ischemia/ reperfusion injury by increasing the phosphorylation of cofilin 2 and limiting its mitochondrial translocation as well as that of Bax (Fig. 7D ).
DISCUSSION
The activation of RhoA by S1P and other GPCR agonists that couple to Ga 12/13 to regulate RhoA guanine nucleotide exchange factors has been well established (1) (2) (3) (4) (5) . We have demonstrated that in vivo expression of RhoA in the heart elicits PKD activation and, furthermore, that RhoA signaling affords protection against ischemic injury through PKD (11) . The data presented here use this physiologically relevant system to demonstrate that S1P activates this pathway, determine how this occurs, and provide a molecular link between PKD and cardioprotection.
RhoA regulates various proteins that control the actin cytoskeleton to modulate cell shape, migration, and adhesion (36) (37) (38) . In addition, Wild-type and PLCe KO mouse hearts were subjected to ischemia/reperfusion injury with vehicle or S1P pretreatment. Representative images of TTC-stained cross sections of heart after ischemia/reperfusion injury (top) and quantification of the infarct size (bottom). n = 5 to 6 animals per group.
transcriptional responses can be initiated through RhoA, contributing to cell proliferation and inflammation (16, 39, 40) . Because RhoA plays a role in regulating cell survival (10, 11, 41) , elucidating downstream RhoA targets responsible for these additional pleiotropic effects of RhoA is critical to our understanding of the actions of the broad subset of GPCRs that signal primarily through Ga 12/13 -mediated RhoA activation. Active (GTP-liganded) RhoA binds to various target proteins including Rho kinase, the mammalian diaphanous (mDia), and PKN (PRK1/2) to stimulate their activity (5). RhoA signaling leads to PKD activation (42, 43) , but the effector mechanism through which this occurs has not been elucidated. PLCe is not activated through the actions of Ga q , the G protein that couples canonical PLC-linked receptors to PLCb, but rather through binding of low-molecular weight G proteins including RhoA and Rap (13, 27, 44) . In addition, PLCe appears to be compartmentalized within the cell, which allows for its continued activation and sustained signaling (17, 45, 46) . Our studies using primary astrocytes demonstrated that GPCR agonist-mediated RhoA activation elicits DAG generation, as well as sustained PKD activation through PLCe (16, 26) . We demonstrate here that PLCe mediates S1P-RhoA signaling to PKD in the intact heart. As evidenced by the results discussed below, this signaling pathway plays a prominent role in mitochondrial regulation and cell survival. S1P is released in the heart after ischemia/ reperfusion, and treatment with S1P can protect against ischemia/reperfusion damage (6, 7). We show here that the ability of S1P to attenuate infarct development in response to ischemia/reperfusion is significantly attenuated in the absence of PKD1 or PLCe. Previously, we demonstrated that genetic loss of RhoA exacerbates ischemia/ reperfusion injury (11) . Thus, S1P signaling to RhoA, PLCe, and PKD1 participates in cardioprotective signaling. There are other protective signaling pathways activated in response to reperfusion, including the prosurvival effects of Akt and ERK (extracellular signal-regulated kinase) activation (47, 48) . Indeed, S1P has been suggested by our group and by the Karliner lab to mediate cardioprotection through Akt or ERK activation (7, 49) . These pathways are, however, regulated through signaling of S1P receptors to G i -mediated pathways, which are distinct from, although potentially complementary to, the RhoA-and PKDmediated protective pathway revealed here. The involvement of PLCe and PKD activation in acute cardioprotective response to GPCR agonists can be contrasted with the role these mediators play in cardiac hypertrophy, a more chronic response involving alterations in cardiac gene expression. Hypertrophy induced by in vivo pressure overload or by chronic adrenergic and angiotensin II signaling depends on PKD1 because hypertrophic responses are attenuated in PKD1 knockout mice (18) . PKD phosphorylates class II histone deacetylases, leading to their nuclear-cytoplasmic shuttling and derepression of MEF2 (myocyte enhancer factor 2)-mediated gene expression. PLCe may also play a role in activating PKD in a perinuclear compartment, where PKD contributes to pressure overload-induced hypertrophic gene expression (17) .
Although nuclear signaling underlies the chronic, transcription-dependent changes in cardiomyocyte hypertrophy, the acute onset of cell death that accompanies reperfusion of the ischemic heart is more closely associated with signals affecting mitochondria. Although little is known regarding mechanisms by which PKD elicits signals that affect mitochondrial function and cell survival, it is noteworthy that DAG, which targets and is required for activation of PKD, is increased in the mitochondrial compartment of HeLa cells after oxidative stress (50) . Furthermore, PKD activates the transcription factor nuclear factor kB to increase the expression of the gene encoding the antioxidant enzyme MnSOD, which, in turn, reduces oxidative damage to mitochondria and increases cell survival (51, 52) . Although this potential mechanism is of considerable interest, the protection we observe occurs within 1 hour, a time frame during which transcriptional responses are unlikely to be of primary importance. Accordingly, we focused on posttranslational modifications, in particular phosphorylation events, mediated through PKD that could be responsible for more acute effects on cell survival.
PKD1 substrates have been identified through approaches combining in vitro biochemical and in silico screening with a PKD1 substrate phospho-MOTIF antibody based on a consensus PKD1 substrate motif (28, 53, 54) . The cofilin-specific phosphatase SSH1L has two PKD1 phosphorylation consensus motifs; PKD1 directly phosphorylates SSH1L to inhibit its function, and constitutively active PKD acts as an inhibitor of SSH1L (20, 29, 30, 55) . We demonstrate here that this pathway is physiologically regulated, in that endogenous SSH1L is an S1P and PKD1 signaling target in cardiomyocytes. Our studies further demonstrate that S1P actions on PKD1 lead to inhibition of SSH1L function, evidenced by increased phosphorylation of the muscle-specific cofilin, cofilin 2. SSH1L has been implicated in the regulation of the actin cytoskeleton and affects cell migration, protrusions, and actin dynamics (22, 29, 30, 56) . Cofilin 1 is involved in oxidative stress-induced cell death (23) (24) (25) 32) . Oxidized cofilin translocates to mitochondria, a process that has been suggested to require dephosphorylation of cofilin1 at Ser 3 (23, 25, 32) . Here, we extend the observation of cofilin 1 translocation to mitochondria to also include the muscle-specific cofilin 2. Our findings suggest that physiological regulation of cofilin phosphorylation, mediated through agonist-induced PKD1 activation and SSH1L inhibition, affects the mitochondrial translocation of cofilin 2.
Cardiomyocyte viability and mitochondrial membrane integrity are diminished by oxidative stress in a manner that is ameliorated by S1P treatment or SSH1L knockdown. The association of improved mitochondrial integrity and cell survival with cofilin 2 phosphorylation and diminished mitochondrial translocation implicates mitochondrial cofilin 2 in a cell death pathway. How mitochondria-associated cofilin promotes cell death is largely unknown. Cofilin 1 has been proposed to directly affect mitochondria and to induce swelling and cytochrome c release by directly regulating the mitochondrial permeability transition pore (mPTP) (23) . A role for the proapoptotic Bcl-2 family protein Bax in cofilin-mediated cell death has also been suggested by studies using cancer cell lines and primary rat neurons (24, 57) . Although a mechanistic connection between cofilin and Bax remains unclear, we provide new evidence that endogenous cofilin 2 and Bax form a protein complex in cardiomyocytes. Furthermore, translocation of Bax to mitochondria in response to oxidative stress is significantly inhibited by S1P treatment or by SSH1L or cofilin 2 knockdown. Bax translocates to mitochondria and regulates outer mitochondrial membrane permeability or mPTP-induced cell death (58, 59) . Thus, it is possible that cofilin 2 functions as a Bax transporter and chaperones Bax to mitochondria. Because the physical interaction between Bax and cofilin 2 we observed was not affected by oxidative stress or by S1P-induced changes in phosphorylation of cofilin 2, this protein interaction may be constitutive rather than regulated. Further studies to demonstrate the mechanic relationship between SSH1L, cofilin 2, and Bax are currently in progress. In summary, the findings reported here reveal a cardioprotective signaling cascade initiated by S1P, mediated through RhoA and its target PLCe, leading to activation of PKD1 and functional inhibition of its substrate SSH1L, and ultimately promoting cell survival (Fig. 7D) . This pathway may provide new therapeutic targets for limiting tissue injury induced by oxidative stress. Future studies will be directed at elucidating the precise mechanism by which cell death is induced through regulation of cofilin 2, and determining whether the actinsevering function of cofilin 2 plays a role in cell death and mitochondrial integrity. 
MATERIALS AND METHODS

Cell culture and reagents
Neonatal rat ventricular myocytes (cardiomyocytes) were isolated from cardiac ventricles of 1-to 2-day-old Sprague-Dawley rat pups and digested with collagenase, and cardiomyocytes were purified through a Percoll gradient (60) . Cardiomyocytes were plated at a density of 3.5 × 10 4 /cm 2 on gelatincoated dishes and maintained overnight in 4:1 Dulbecco's modified Eagle's medium (DMEM)/Medium 199, supplemented with 10% horse serum, 5% fetal calf serum, and antibiotics [penicillin (100 U/ml) and streptomycin (100 mg/ml)] at 37°C with 10% CO 2 . After an overnight culture, cells were either serum-starved with DMEM [D-glucose (4.5 g/liter)] for 24 hours or transfected with siRNA for further analysis. The RhoA inhibitor C3 exoenzyme was obtained from Cytoskeleton (CT04) and used at 1.5 mg/ml overnight. S1P was obtained from Avanti Polar Lipids.
Transfection of cardiomyocytes with siRNA
Predesigned PLCe, PKD1, SSH1L, PAK4, and cofilin 2 siRNA for rat and scrambled control siRNA were purchased from Qiagen. Cardiomyocytes were transfected with siRNA using DharmaFECT-I transfection reagent (Thermo Scientific) based on the manufacturer's instruction. siRNA (3 mg) was transfected into 1 × 10 6 cells. siRNA and DharmaFECT-1 (1:3 ratio)
were individually incubated in conical tubes containing Opti-MEM medium (Gibco) at room temperature for 10 min, mixed, and incubated at room temperature for 20 min. Media in culture dishes were replaced with fresh media, and siRNA/DharmaFECT-I mixtures were added to culture dishes. After overnight incubation, cells were washed and cultured for another 24 hours in serum-free DMEM supplemented with penicillin (100 U/ml) and streptomycin (100 mg/ml) before further treatment.
GTP-RhoA pull-down assay
RhoA activation was determined by affinity pull-down assay using a glutathione S-transferase (GST) fusion protein of the RhoA binding domain of the RhoA effector rhotekin, as described previously by our group (61) . Briefly, after 24 hours of serum starvation, cardiomyocytes were treated with S1P (0.3 mM), phenylephrine (PE) (50 mM), or vehicle (DMEM) for 5 min and then rinsed with ice-cold tris-buffered saline, lysed in buffer containing 50 mM tris (pH 7.4), 0.1% Triton X-100, 150 mM NaCl, 5 mM MgCl 2 , and 10% glycerol, supplemented with protease and phosphatase inhibitors (Sigma), clarified by brief centrifugation, and then incubated with the Sepharose-bound GST-rhotekin-RhoA binding domain for 45 min at 4°C. The beads and precipitated proteins were washed, boiled, and separated by SDS-polyacrylamide gel electrophoresis. The precipitated GTP-bound RhoA was normalized to total RhoA present in the whole-cell lysate. 
Western blotting and immunoprecipitation
Cardiomyocyte cell lysates or left ventricular lysates were prepared with various lysis buffers for various purposes. Western blot analysis was performed according to protocols described previously (60 ) from ECM Biosciences Laboratories; Bax (6A7 for immunoprecipitation of activated Bax), VDAC (voltage-dependent anion channel), cofilin 2, and phospho-cofilin 2 (Ser 3 ) from Millipore. Peroxidase-conjugated secondary antibodies were used at a dilution of 1:2500 (Sigma), and the enhanced chemiluminescent substrate was from Thermo Scientific. Total Bax, cofilin 2, and activated Bax were immunoprecipitated by using antibody to total Bax (Cell Signaling Technology), total cofilin 2 (Millipore), and 6A7 Bax (Millipore), respectively. Lysates were precleared with protein A/G PLUS-agarose beads for 30 min at 4°C, and 300 mg of total protein was then incubated with antibodies (1 mg for total Bax and cofilin 2, and 4 mg for activated Bax) and protein A/G PLUSagarose (Santa Cruz Biotechnology) (40 ml of 50% slurry) at 4°C overnight. Immunocomplexes were washed with ice-cold lysis buffer four times, and beads were boiled in 2× lithium dodecyl sulfate (LDS) buffer to elute captured protein and were subjected to Western blotting analysis as described above.
Isolated perfused heart (Langendorff) ischemia/reperfusion
Hearts from age-matched (8-to 12-week-old) male mice were removed quickly and perfused retrogradely with modified Krebs-Henseleit buffer (118 mM NaCl, 4.7 mM KCl, 1.2 mM KH 2 PO 4 , 25 mM NaHCO 3 , 0.5 mM EDTA, 1.2 mM MgSO 4 , 11 mM glucose, 1.5 mM Na pyruvate, and 2 mM CaCl 2 ) in a Langendorff apparatus (Radnoti) at constant pressure (80 mmHg). After stabilization, hearts were subjected to a period of global ischemia, followed by reperfusion. To measure infarct size, hearts were subjected to 30-min (PLCe wild-type and knockout mice) global ischemia and 1-hour reperfusion. S1P was perfused at either 10 min before ischemia or right at the onset of reperfusion at 0.1 mM. For PKD1 wild-type and knockout mice, the ischemia time was adjusted to 20 min. At the end of the ischemia/ reperfusion protocols, ventricles were frozen and cut transversely into five slices of equal thickness. The slices were then incubated in 1% TTC/phosphatebuffered saline (PBS) and fixed in 10% formalin-PBS for 24 hours. Fixed slices were scanned, and ImageJ was used to measure and calculate the size of the infarct area and the total area.
Gene targeting and generation of global PKD1-deficient mice
The PKD1 mouse genomic DNA clone was isolated from a 129SVJ mouse genomic library (Stratagene) and used to construct the PKD1 targeting vector by standard techniques as described previously (62) . Briefly, two fragments of PKD1 gene were cloned into a targeting vector that contained a neomycin selection cassette flanked by two FRT (FLP recombination target) sites that are further flanked by two LoxP sites. A 971-base pair (bp) fragment containing exon 14 of PKD1 (107 bp) was inserted between the first LoxP and the first FRT sites. Targeting vector was linearized with Nsi I and subsequently electroporated into R1 embryonic stem (ES) cells. G418-resistant ES clones were screened for homologous recombination by DNA blot analysis, as described below. Two independent homologous recombinant ES clones were microinjected into blastocysts from C57BL/6J mice to generate male chimeras. Male chimeras were bred with female Black Swiss mice to generate germ line-transmitted floxed heterozygous mice (PKD1 +/flox-neo ), which were subsequently crossed with Pro-Cre mice (63) to generate homozygous knockout mice (PKD1 −/− ) as previously described (62) . Offspring from intercrosses were genotyped by polymerase chain reaction (PCR) analysis using mouse tail DNA. All animal procedures were approved by the University of California, San Diego, Animal Care and Use Committee.
DNA analysis for PKD1-deficient mice
Genomic DNA was extracted from G418-resistant ES cell clones and mouse tails, as previously described (64) . ES cell DNA was digested using Nsi I, and DNAs were electrophoresed on a 1% (w/v) agarose gel, and subsequently blotted onto a nitrocellulose membrane. A 396-bp fragment was generated by PCR using mouse genomic DNA and specific PKD1 primers (forward, CCCTATACATCATATATCATCAAG; reverse, CATAGACCCTTTGTGGCTTGATAA). The PCR product was subsequently radiolabeled with [g-32 P]dATP (deoxyadenosine triphosphate) by random priming (Invitrogen). DNA blots were hybridized with the radiolabeled probe and visualized by autoradiography. Offspring from intercrosses were genotyped by PCR analysis using mouse tail DNA and the following PKD1 genespecific primers (forward, ATGAGGGCAGTGTATCAGAGGT; reverse, TCTTGCATCCTGTTCTCACTGT) and mutant allele (forward, ATGAGG-GCAGTGTATCAGAGGT; reverse, CAAAGCAGCAATCAGAAAAATG). PCR products were visualized by ethidium bromide staining.
Cell viability and LDH activity assay
After 24 hours of serum starvation, cardiomyocytes were exposed to H 2 O 2 (150 mM, 2 hours) with or without S1P (0.3 mM, 10 min of pretreatment), and culture medium was then collected for LDH assay and replaced with Hanks' balanced salt solution (HBSS; Gibco) with 3 mM calcein AM, 5 mM PI, and Hoechst (1:800) from Invitrogen, and incubated at 37°C for 30 min. The fluorescence was then measured by a Tecan microplate reader. LDH release in the culture medium after H 2 O 2 treatment was measured with an LDH activity assay kit (MBL International Corp.) as per the manufacturer's instruction.
Mitochondrial fractionation
A mitochondrial fractionation kit was used to isolate mitochondria from cardiomyocytes (EMD Millipore). Briefly, cells were serum-starved for 24 hours before stimulation with H 2 O 2 (100 mM, 2 hours) or S1P (0.3 mM, 15 min of pretreatment) followed by H 2 O 2 , collected in ice-cold PBS, and spun down at 600g for 5 min. PBS was carefully aspirated off, and cells were resuspended in the isotonic mitochondrial buffer, briefly vortexed, and incubated on ice for 10 min. Samples were centrifuged at 700g for 10 min to spin down nuclei and cell debris. Supernatants were transferred to new tubes and spun at 12,000g for 15 min to precipitate mitochondria. The pellet was washed once and resuspended in mitochondrial lysis buffer as the mitochondrial fraction. Mitochondria were isolated from adult mouse hearts as previously described (60) . Briefly, the left ventricle of the mouse hearts was homogenized by hand in isolation buffer containing 70 mM sucrose, 190 mM mannitol, 20 mM Hepes, 0.2 mM EDTA, 1 mM Na 3 VO 4 , aprotinin (10 mg/ml), leupeptin (10 mg/ml), 0.5 mM PNPP (para-nitrophenyl phosphate), and 0.5 mM PMSF (phenylmethylsulfonyl fluoride). The homogenate was centrifuged at 600g for 10 min to remove nuclei and debris. The resulting supernatant was then centrifuged at 5000g for 15 min. The resulting mitochondrial pellet was washed by isolation buffer and recentrifuged twice. After final spin, mitochondrial pellet was resuspended in radioimmunoprecipitation assay (RIPA) buffer and subjected to Western blotting.
Mitochondrial membrane potential (Dy m )
Loss of Dy m in response to H 2 O 2 was measured using TMRE (Invitrogen). Assessment of Dy m was performed with a Tecan microplate reader to assess a large population of cells in an unbiased manner as previously described (65) . Briefly, cardiomyocytes were plated at a density of 6.5 × 10 4 /cm 2 in gelatin-coated 24-well plates, and after 24-hour serum starvation, cardiomyocytes were treated with 50 mM H 2 O 2 with or without S1P pretreatment (0.3 mM, 10 min) for 90 min. Cardiomyocytes were loaded with 50 nM TMRE and Hoechst (1:800) for 30 min before washing twice in HBSS. TMRE and Hoechst fluorescence was measured with a microplate reader, and TMRE fluorescence intensity was normalized to the Hoechst staining.
Statistical analysis
All results are reported as means ± SE. Comparison of two groups with one characteristic was accomplished using an unpaired Student's t test. Data from two groups with multiple characteristics were compared with two-way analysis of variance (ANOVA) followed by Tukey's multiple comparison test. Data from experiments with more than two groups with one characteristic were compared by one-way ANOVA followed by the Tukey's multiple comparison test. D'Agostino and Pearson omnibus normality test was used to determine whether the data points were normally distributed. Probability values of <0.05 were considered significant and are indicated by an asterisk in all figures.
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